Herein we report a crystal structure of [Au 0.5 ? models having C 1 , C 3 , and T symmetry, respectively.
Introduction
Atom-precise alloy nanoclusters (NCs) are emerging as a new class of materials in nanoscience because of their fascinating properties [1] [2] [3] [4] . To date, a number of atomically precise gold [5] [6] [7] [8] and silver [9] [10] [11] [12] [13] [14] [15] [16] NCs have been identified by X-ray crystallography. Of late, researches on alloy NCs have gained momentum owing to witnessed unique advantages of alloys over the homo-metallic NCs ranging from enhanced stability, reactivity (including catalytic activity) and modulation of optical properties [17] [18] [19] [20] . So far, a variety of atom-precise Au-based alloy NCs have been reported. Especially, the doping of Au 25 (SR) 18 clusters was extensively studied with metals such as Cu [21] , Pd [22] , Pt [22] , Ag [21, 23] , Cd [24] , and Hg [25] and the results imply that Pd, Pt, and Cd atoms preferentially occupy the inner icosahedral positions, Ag resides on the surface of the superatomic core whereas Cu and Hg are found in the staple motifs. On the other hand reports on silver alloy NCs are comparatively scarce. Prominent silver/gold alloy examples being structurally characterized include Au 25-x Ag x [23] , Au 38-x Ag x [26] , Au 24 Ag 20 [27] , Au 24 Ag 46 [28] , Au 12 Ag 32 [10] , Au 25 Ag 2 [29] , Ag 28 Au [30] , Au 12 Ag 13 [17] , Au 80 Ag 30 [31] , Au 3 Ag 38 [32] , Au 7 Ag 8 [33] , and Au x Ag y [34] (clusters of clusters/supra clusters). Bakr et al. have successfully doped Ag 25 (SR) 18 with various metal atoms (Au, Pd, Pt). They also introduced controlled multimetallic doping in Ag 25 NCs [35, 36] . Quite recently our group isolated the [Au@Ag 20 {Se 2 P(OEt) 2 } 12 ] ? alloy by doping an Au atom into [Ag 21 {Se 2 P(OEt) 2 } 12 ] ? via a galvanic replacement method [37] . Despite the tremendous progresses in their synthesis and characterization, the mechanistic studies for the formation of Ag alloy NCs are lagged significantly behind. So it thereof needs an effort to understand the fundamental underlying chemistry and certainly more mixed silver/gold nanoclusters with well defined structures are needed along this line.
Experimental
All the reactions were conducted under an Ar/N 2 atmosphere using standard Schlenk techniques. Solvents were distilled prior to use under nitrogen. All chemicals were purchased from commercial sources and were used as received. [Ag(CH 3 216 mmol) and THF (30 mL) were added, leading to become a colourless solution. After 10 min, the solution in the second Schlenk tube was transferred into the first one, then kept with stirring at room temperature for 6 h. The reaction mixture was dried under vacuum to get dark red powder. CH 2 Cl 2 was used for dissolving powder and passed through a short column packed with Al 2 O 3 . When a pink solution was separated, acetone was used to dissolve the residue on the column. A dark red solution was collected and concentrated to * 10 mL under reduced pressure. Single crystals were grown by slow diffusion of nhexane into the concentrated acetone solution. ESI 
X-ray Crystallography
Single crystals suitable for X-ray diffraction analysis of 1 were obtained by diffusing hexane into concentrated acetone solution at ambient temperature. The single crystal was mounted on the tip of glass fiber coated in paratone oil, then frozen at 150 K. Data were collected on a Bruker APEX II CCD diffractometer using graphite monochromated Mo Ka radiation (k = 0.71073 Å ). Absorption corrections for area detector were performed with SADABS [40] and the integration of raw data frame was performed with SAINT [41] . The structure was solved by direct methods and refined by least-squares against F 2 using the SHELXL-97 package [42, 43] , incorporated in SHELXTL/PC V6.14 [44] . All non-hydrogen atoms were refined anisotropically. Selected crystallographic data is listed in 
Computational Details
Geometry optimizations at the density functional theory (DFT) level were carried out using the Gaussian 09 package [45] . The BP86 [46, 47] functional was used together with the general triple-n polarized Def2-TZVPbasis set from EMSL basis set exchange library, with an all-electron basis set on silver. Vibrational frequency calculations were performed in order to assess energy minima. All the discussed relative energies (DE) are corrected from zero-point vibrational energy. Relative free energies (DG) refer to room temperature (298 K). Natural atomic orbital (NAO) populations were computed with the NBO 5.0 program [48] .
Results and Discussions
In our search for alloy NCs passivated solely by dithiolatetype ligands, we have explored the reaction of gold salts in the presence of borohydrides with [Ag 5 {S 2 P(O i Pr) 2 } 4 (PF 6 )] n , a versatile precursor used in the build-up of various anion-encapsulated silver clusters [49] [50] [51] [52] [53] ? exhibits a chloride-encapsulating cubic core of Ag(I) metals to which are bonded 6 dithiphosphate (dtc) ligands in a (l 2 , l 2 ) tetrametallic-tetraconnective pattern (Fig. 1) . Its idealized symmetry is T h and it is isostructural with a previously reported X@Ag 8 species (X = F, Br) [51] . The Ag -l 8 -Cl distances ranges from 2.837(2) to 2.874(2) Å and the AgÁÁÁAg edge distances are in the range of 3.180(1) to 3.450(2) Å (avg.
3.300(1) Å ). They are comparable to those reported in [Cl@Ag 8 {Se 2 P(OEt) 2 } 6 ] ? [54, 55] . The formation of Cl@Ag 8 can be attributed to the slow decomposition of both ? is composed of a central Au atom surrounded by 12 Ag atoms, these 13 atoms constituting the inner icosahedral core (Fig. 2a) . The outer shell of the cluster is composed of 12 dithiophosphate (dtp) ligands and 8 silver atoms which are capping 8 out of the 20 triangular faces of the Ag 13 icosahedron (Fig. 2b) . The Ag-Ag distances in the centered icosahedral core lie in the range of 2.8487 (8) [37] , and 2.8209-2.9975 Å in Ag 25 [12] . The Au-Ag ico distances are in the range of (M = Ag, Au) clusters, exhibit significant structural differences with its relatives in the configuration of the passivating shell (capping Ag atoms and dtp ligands). An approximate C 3 axis that passes through the center of two opposite triangular faces of the icosahedron can be seen in the previously reported Ag 21 cluster (Fig. 2c) . In contrast, the capping silver atom positions in the alloy NC are dramatically tilted, destroying completely the C 3 symmetry. The The average bond lengths of Ag ico -S and Ag cap -S are 2.645 Å and 2.524 Å respectively, the average S 1 …S 2 bite distance is 3.412(3) Å . All these metric values are well matched with 2.670 Å , 2.510 Å and 3.401(5) Å , respectively, observed in the Ag 21 NC. It should be noted that the 8 capping silver atoms lie in a near planar AgS 3 coordination environment, whereas the icosahedron silver atoms are in an AgS 2 or AgS environment. Overall, a packing diagram (Fig. 3) clearly displays that chloride-centered Ag 8 cubic cluster is separated with a superatomic alloy, Au 0.5 Ag 0.5 @Ag 20 , by two hexafluorophosphate anions and a hexane in the unit cell. Fig. 2 a A total ? isomer [15] . Color code: Au, orange; Ag blue (icosahedron) and violet (capping); S, yellow; P, green (Color figure online) The presence of three clusters in 1 is further proved by the positive ESI-MS (Fig. 4) .3098) , respectively. The formula assignments were further confirmed by their experimental isotopic distribution patterns that match closely with the simulated ones.
We attempted to develop a rational synthesis of the above described new Au@Ag 20 alloy by using galvanic exchange methods on silver NCs as potential templates. Indeed, using dsep ligands, we have been recently sucessful in preparing two new 8-electron superatom type silver NCs, [Ag 21 {Se 2 P(OEt) 2 } 12 ] ? [37] and [Au@Ag 20 {Se 2 P(OEt) 2 } 12 ] ? [37] . The latter was formed via galvanic replacement reaction. We adopted a similar synthetic procedure by starting with [Ag@Ag 20 {S 2 P(O i Pr) 2 } 12 ] ? , the central silver atom of which has a fairly negative charge (-0.86) [15] . In a typical synthesis, [Ag 21 {S 2 P(O i Pr) 2 } 12 ](PF 6 ) was firstly dissolved in tetrahydrofuran (THF), then Au(PPh 3 )Cl, was added instantaneously. The reaction was stirred at -20°C for 2 h. The solvents were removed under reduced pressure to obtain a dark red solid. The residue was thoroughly washed with a mixture of dichloromethane (DCM) and water mixture. The DCM layer was separated and dried under vacuum to yield the new Au@Ag 20 alloy NCs. Unfortunately single crystals produced by this galvanic replacement methods are so poor in quality that good diffraction data could not be collected. This is why we have undertaken the above-described alternative way, a co-reduction method, to synthesize the Au@Ag 20 cluster from which single crystals of 1 with decent quality were obtained.
As said above, the common structural feature of the two clusters [Au@Ag 20 ? are characterized at the solid state, so far. A third isomeric structure, (of T symmetry) with another configuration of the passivating shell (Fig. 2d) , has been predicted by DFT calculations [16] and recently characterized on the diselenophosphate analogue [37] . ? model lead to the 4.9, 0.0 and 2.7 kcal/mol values, respectively (see Fig. 5 , first column). These quite small computed energy differences suggest that several isomers differing only from their outer shell configuration are likely to be observed, as already mentioned for the [Ag 20 {S 2 P(OR) 2 } 12 ] (R = Pr, i Pr) series [16] .
The question of the location preference of Au in the AuAg 20 ? system, there are three chemically different classes of metal sites that gold can occupy: the center of the icosahedron, the icosahedral positions and that of the capping atoms which are in a formally ?I oxidation state. In the Ag 21 T structure described above, the 12 icosahedral atoms are all symmetry equivalent and the capping ones are split into two sets of 4 symmetry-equivalent atoms Although the number of Ag@AuAg 19 isomers in the title C 1 structure is too large for being calculated, it is clear that the same conclusion would be reached, i.e., the M I electron-poor capping positions are the least favored ones for gold substitution and the electron-rich central one is by far the most privileged. 6 ) and their compositions were further confirmed by positive ESI mass spectroscopy. The capping Ag atoms on the icosahedral surface of C 1 symmetry in 1 are not arranged in a regular fashion as observed in the ordered structure of C 3 symmetry. The isomeric structures of both [Ag@Ag 20 {S 2 P(O i Pr) 2 } 12 ](PF 6 ) clusters exhibit the same chemical composition but different arrangement of capping atoms. It is worthwhile to note that the modification of an icosahedral surface is quite unique in silver NCs with the protection of the bidentate dichalcogenolate ligand systems. This crystal structure indicates that a doping Au atom preferentially occupies the central position of the icosahedron. This is fully confirmed our DFT investigation which shows a large energy preference for this more electron-rich position, excluding the possibility of other positional isomers. These findings prompted us to explore the doping by various heteroatoms of noble-metal NCs (in particular Ag 21 and Ag 20 species). Such investigations are currently in progress.
Conclusions
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